Renin-angiotensin system and the endothelium Interestingly, angiotensin converting enzyme (ACE) is expressed at the endothelial cell membrane. As angiotensin II is created it may activate endothelial receptors or those expressed on smooth muscle cells. The receptors found on the endothelium are linked to the production of endothelin, a coagulation factor, and many other molecules including free radicals. The action of angiotensin II on smooth muscle cells produces contraction and also proliferation. These actions are supported by endothelin, which is itself stimulated by angiotensin II (fig 2) . NITRIC OXIDE ACE inhibitors have several properties that may increase the bioavailability of endothelium derived nitric oxide-an important antiatherogenic molecule. For example, ACE inhibitors block the breakdown of bradykinin and independently stabilise the activity of the bradykinin receptor, thereby increasing the activity of the nitric oxide pathway. This shifts the balance from vasoconstriction to vasodilation. This has been illustrated in a number of studies.
In an in vitro study looking at human mammary resistance arteries, the addition of angiotensin I resulted in contraction (as the vessel wall is capable of converting angiotensin I into angiotensin II via ACE).
1 If a high concentration of ACE inhibitor was added to the preparation, the contraction was notably reduced. The addition of an angiotensin receptor antagonist reduced the contraction even more eVectively.
In a study in which the human saphenous vein was constricted using norepinephrine (noradrenaline), it was found that increasing concentrations of bradykinin produced a dose dependent relaxation. 2 Interestingly, when these vessels were treated with an ACE inhibi- This is also seen in the human coronary artery, which does not contain receptors, so contraction was produced using prostaglandin. 3 The addition of the ACE inhibitor lisinopril to a constricted vessel had no eVect. However, if the experiment was repeated using bradykinin to produce a partial relaxation, lisinopril exerted a further dose dependent relaxation, which was absent in the preparation without endothelium.
Clearly, there is an important action of ACE inhibitors at the level of nitric oxide and vasodilation.
ENDOTHELIN
Almost 10 years ago it was discovered that if porcine aortic endothelial cells are treated with angiotensin II, there is a time dependent increase in messenger RNA for the vasoconstrictor endothelin. 4 In addition, when human endothelial cells in culture were exposed to an increasing angiotensin II concentration, there was a dose dependent increase in endothelin concentrations. 5 The dose range of angiotensin II used was low, and reflected that which occurs under physiological conditions.
Moreover, it can also be shown that this process is occurring in the vessel wall and is completely prevented by either an endothelin receptor antagonist or by the angiotensin II receptor antagonist, losartan. 6 Interestingly, the increase in systolic blood pressure following infusion of angiotensin II can be partially reduced by endothelin antagonism. 7 The eVects of angiotensin II on blood pressure control are therefore partly mediated by endothelin.
Endothelial dysfunction
Endothelial dysfunction is considered to play an important role in the pathogenesis of vascular disease. The vascular endothelium not only serves as a passive barrier to diVusion between the circulating blood and underlying vascular smooth muscle, but also regulates vessel diameter, inhibits blood clot formation, and impairs the multiplication of cells involved in plaque formation.
PROLIFERATION AND MIGRATION
There are both antiproliferation and antimigration endothelial mediated mechanisms. Nitric oxide inhibits cell cycle regulatory proteins. Similarly, prostacyclin can have some antiproliferative and antimigratory eVects.
In human aortic smooth muscle cells, the number of migrating cells increases as angiotensin II concentrations are increased within a very low concentration range. As concentrations become higher, this is reversed-a transforming growth factor-(TGF-) mediated mechanism. 8 Another study looked at the eVects of endothelin and endothelin antagonists on the proliferation of various growth factors. 9 Platelet derived growth factor (PDGF) was found to stimulate proliferation quite strongly causing an eightfold increase in human smooth muscle cells. The addition of very low concentrations of endothelin can markedly potentiate the eVects of the growth factors, PDGF or angiotensin. Endothelin is therefore a growth modulator of other growth factors. Interestingly, an endothelin receptor antagonist can prevent this response.
OXIDATIVE STRESS
Oxidative stress is a hallmark of hypertension, hyperlipidaemia, diabetes and, particularly, atherosclerosis. In atherosclerosis, NADPH oxidase enzymes located in the endothelium are a source of superoxide. There is a pronounced increase in superoxide production in the presence of angiotensin. This increase cannot be obtained by norepinephrine even though it produces a similar increase in blood pressure. It is therefore a highly specific eVect of angiotensin II, which is not pressure related and is blocked by an angiotensin receptor antagonist. Angiotensin II not only acts through the endothelin axis, but also increases oxidative stress-an important mediator in cardiovascular disease.
ATHEROSCLEROSIS
Atherosclerosis has three major groups of mechanisms:
x Vasoconstriction-abnormal vasoconstriction of the coronary arteries particularly during exposure to sympathetic drive, such as cold, pressure etc; x Structural changes-within the human coronary artery (plaques); x Thrombus formation-caused by activation of platelets and coagulation factors. The endothelium plays a role via four diVerent phases of the atherosclerosis process:
(1) Early on in the disease process there is abnormal vasomotion. This is related to an increased breakdown of nitric oxide, due to oxidant stress and the increased production of endothelin. (2) There is a decrease in the production of nitric oxide and an increase in the production of oxygen, allowing monocytes to adhere. (3) There is proliferation and migration of smooth muscle cells. (4) Finally, there is thrombus activation.
ACE inhibitors and endothelial dysfunction
The TREND trial evaluated the eVects of the ACE inhibitor quinapril, on coronary endothelial activity in angiographically normal coronary arteries, in subjects with documented coronary artery disease. 10 All patients underwent percutaneous transluminal coronary angioplasty (PTCA) at the time of the first investigation and acetylcholine tests.
In the placebo group all arteries constricted paradoxically to acetylcholine because the patients had coronary artery disease. The quinapril treated patients showed a major reduction in vasoconstriction in response to acetylcholine, which was dose dependent and more pronounced at the higher concentration of acetylcholine. There was a major improvement in coronary vasomotion in the quinapril treated patients, indicating that the reninangiotensin system contributes to endothelial dysfunction in patients with coronary artery disease.
Interestingly, the SOLVD trial found that, compared to placebo, the ACE inhibitor enalapril reduced the incidence of myocardial infarction. 11 Possibly, some of the eVects of ACE inhibitors may be related to an improvement in endothelial function. The HOPE trial, which showed a significant reduction of morbidity and mortality in patients with maintained left ventricular function, provides further confirmation of this concept.
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Conclusion
Cardiovascular haemostasis is a complex process. While several years ago only the circulating renin-angiotensin system and sympathetic nervous system were considered, it is now known that the blood vessels also contribute to vascular disease. In fact, the endothelium is an important player because of the release of endothelin, a potent peptide closely linked to the renin-angiotensin and sympathetic nervous systems. Moreover, the enzyme regulating the renin-angiotensin system not only has eVects at the level of the smooth muscle cells within the blood vessel wall, but also at the endothelium, by regulating the release of the protective substance, nitric oxide. ACE inhibitors are valuable tools for interfering with this complex mechanism, but in the future other approaches will be discovered involving systems of the nitric oxide axis and the endothelin pressure system. the renin-angiotensin system Endothelial dysfunction: the role and impact of 
